The mode of action of sulfanilyl fluoroquinolones (NSFQs) was investigated with NSFQ-104, NSFQ-105, and some structurally related compounds. Evidence arising from interactions with p-aminobenzoic acid and trimethoprim suggested that a sulfonamidelike mechanism of action makes little or no contribution to the in vitro activity of NSFQs. NSFQ-105 showed an activity that inhibits gyrase-catalyzed DNA supercoiling that is similar to the activity of other fluoroquinolones. Also, NSFQ-105 uptake was decreased by the presence of Mg 2؉ and increased by a lower pH. These results indicate that NSFQs having only one ionizable group could exhibit more favorable kinetics of access to the bacterial cell than zwitterionic fluoroquinolones.
Sulfanilyl fluoroquinolones (NSFQs) are a new class of antibacterial fluoroquinolones (FQs) with especially high in vitro activity against gram-positive bacteria (1) . From a structural point of view, NSFQs could be considered hybrid drugs since they incorporate moieties of both sulfonamides and FQs. FQs act by inhibiting the bacterial DNA synthesis that results from inhibition of gyrase-catalyzed DNA supercoiling (4, 21) . On the other hand, sulfa drugs are well-known antibacterial agents that exert their action by a competitive inhibition of p-aminobenzoic acid (PABA) utilization in the synthesis of dihydrofolate that is catalyzed by dihydropteroate synthase (DHPS) (4) .
The present study aimed to clarify the question of whether NSFQs are truly hybrid drugs, i.e., if the antibacterial activity is the result of a quinolonelike and sulfalike action. In addition, the mode of action of NSFQ-104, NSFQ-105, and some structurally related derivatives was compared with that of their zwitterionic FQ (ZFQ) analogs ciprofloxacin and norfloxacin. For this purpose, compounds I to IV were synthesized (Table  1) . Compounds I to III are useful for evaluation of the role played by the fragment 4-NH 2 -C 6 H 4 -SO 2 -Y, which is considered an essential molecular fragment for recognition and binding of the DHPS active site (5) . Besides, in compound IV, the 3-aminopyrrolidinyl group replaces the piperacinyl group; the former is a well-known biological mimic of the second in ZFQs (17) . The resulting NSFQ analog (IV), having the acidic SO 2 -NH group, has the same structure as the antibacterial sulfa drugs currently used in therapy. Finally, compound VI was designed because of its permanently ionized ammonium group.
The bacterial strains used in this study were Staphylococcus aureus ATCC 29213 and Escherichia coli ATCC 25922. NSFQ-104; NSFQ-105; compound IV (10); compounds I, II, and III (11) , and compound V (17) were synthesized in our laboratory as described previously. Compound VI was obtained by exhaustive alkylation of norfloxacin with methyl iodide (19) . Spectroscopic data of purified compound VI confirmed its proposed structure.
Other agents were obtained from the following sources: ciprofloxacin, Amifarma; norfloxacin, Marsing & Co., Ltd.; MgCl 2 ⅐ 6H 2 O, Anedra; PABA, Merck; NaH 2 PO 4 and Na 2 HPO 4 ⅐ 2H 2 O, Anedra; ofloxacin, fleroxacin, novobiocin, trimethoprim, and sulfamethoxazole, Hoffmann-La Roche Ltd., Basel, Switzerland.
MICs were determined by broth macrodilution techniques (Mueller-Hinton broth; Merck) (13) . The inoculum size was approximately 5 ϫ 10 5 CFU/ml. The MIC was defined as the lowest concentration of a drug that completely inhibited visible growth of the organisms after 18 to 20 h at 37°C.
Broth with PABA at 10 g/ml was used to test the effect of PABA on the MICs. Combinations of trimethoprim and NSFQs were evaluated by the checkerboard technique; twofold dilutions of each drug were tested in combination. The fractional inhibitory concentration (FIC) index was calculated as the minimum concentration of each of the two antimicrobial agents that had an inhibitory effect when acting together divided by the MIC of that drug alone. The sum of the FICs of both drugs was the FIC index (15) .
NSFQ-105 (fixed concentration, 50 g/ml) was tested for inhibition of the E. coli and S. aureus DHPSs. Sulfamethoxazole (50 g/ml) was assayed simultaneously; 10 mM 3 H-PABA (20 Ci/mol), 20 mM H 2 -pterin-CH 2 O-PP, and the appropriate inhibitor were incubated with the purified enzyme at 0.3 to 1 g/ml in 50 mM Tris-HCl (pH 8.3) containing 5 mM MgCl 2 and 1 mM dithiothreitol for 20 min at 25°C. Detection of 3 H-pteroate was done by paper chromatography (20) .
The supercoiling assay with purified E. coli DNA gyrase was carried out as previously described (8) . The maximal noneffective concentration in this assay was determined by testing a range of inhibitor concentrations.
The accumulation assays were carried out by the fluorometric method described by Chapman and Georgopapadakou with modifications (3, 12) essentially as follows. Mid-log-phase bacterial cells were harvested, washed once, and suspended to 40 mg (wet weight) per ml with 50 mM sodium phosphate buffer (pH 7.0 or 5.5, as appropriate). Samples were dispensed into 50-ml flasks and incubated in a shaking water bath at 37°C for 10 min. A quinolone was added to a final concentration of 10 g/ml. At timed intervals of up to 1 h, 0.5 ml was transferred to microcapped centrifuge tubes chilled on ice and cells were pelleted (5,600 ϫ g for 1 min) without prior addition of buffer. They were washed with 1.5 ml of quinolone-free buffer (pH 7.0) at 4°C and immediately centrifuged. The pellet was resuspended in 1.5 ml of 0.1 M glycine hydrochloride (pH 3.0) and (Table 1) .
Although determinations with the DHPS enzymes from S. aureus and E. coli using sulfamethoxazole as the reference showed that the inhibitory activities of NSFQ-105 were 33 and 40%, respectively, results i to iii suggest that a sulfonamidelike mode of action makes little or no contribution to the in vitro activity of NSFQs.
The antibacterial activity of an FQ is determined by at least two factors: its rate of penetration of the bacterial envelope and its ability to inhibit the DNA gyrase-catalyzed supercoiling reaction (7, 9) . The following results would agree with an FQlike mechanism. (i) A maximal noneffective concentration of 0.2 g/ml was found for NSFQ-105, which is a value similar to those exhibited by other FQs, such as ciprofloxacin (0.05), ofloxacin (0.25), and fleroxacin (0.50). (ii) Profiles of NSFQ-105 and ciprofloxacin accumulation in S. aureus obtained at pH 7.0 and an external concentration of 10 g/ml were similar (Fig. 1) ; the uptake of NSFQ-105 was 1.4 Ϯ 0.2 times that of ciprofloxacin ( Table 2 ). The uptake of NSFQ-105 after 10 min of contact was linearly related to the external concentration. This behavior suggests a passive-diffusion uptake process similar to that reported for ZFQs (7, 22) . (iii) The accumulation of NSFQ-105 decreased approximately threefold with a high external concentration of Mg 2ϩ (Fig. 1) , and the MIC was also affected in the same way as observed with ZFQs (1, 2, 18) (data not shown). (iv) As previously reported, the higher the acidity of the growth medium, the lower the MICs of NSFQs (1) . On the other hand, it is also well known that the MICs of ciprofloxacin and other ZFQs become higher as the external pH is shifted away from their isoelectric pHs (1, 14, 18 ). These results correlate with the fact that at pH 5.5, the uptake of NSFQ-105 rises to 1.7 Ϯ 0.3 times that of ciprofloxacin. The behavior observed is consistent with the acid-base characteristics of both classes of molecules. In fact, on the one hand, acid pHs repress the dissociation of the carboxylic group, yielding a high proportion of the uncharged form (AH) of an NSFQ, which is believed to penetrate more easily than the ionized form (A Ϫ ) (14) . On the other hand, it produces a lower availability of the neutral species BH 00 and HB ϩϪ of ZFQs (Fig. 2) . Since the BH 00 /HB ϩϪ ratio is not pH dependent, evaluation of the ability to permeate the cells of each species was performed by measuring the uptake of compound VI (Table 1) ; this quaternary ammonium derivative, almost completely in its zwitterionic form at pH 7.0, should mimic the behavior of HB ϩϪ . Its uptake was slow and considerably lower than that of ciprofloxacin under the same conditions (Fig. 1) . This result confirms the statement (7, 14) that B 00 is the ZFQ species that more easily penetrates bacterial cells. The corresponding unionized molecular fraction (UMF) is
where K 1 and K 2 are the first and second apparent dissociation constants.
Although the intracellular distribution of the species depicted in Fig. 2 is not well known, there are a number of ways in which each species can interact with the different intracellular constituents, such as association, adsorption, etc. (14) . Also, the pH gradient affects the internal speciation (9) . In the same way, it is not known which species is in equilibrium with the target.
Nevertheless, it could be considered that an NSFQ (or a ZFQ) reaches a plateau when the influx of its un-ionized species AH (or BH 00 ) is counterbalanced by a retrodiffusion process also governed by Fick's law. Under such conditions, the intracellular concentration of free AH (or BH 00 ) should not be far from its external concentration. Figure 3 shows the parallelism between the variations of both 1/MIC and UMF as a consequence of modification of the external pH. Therefore, the external availability of AH (or BH 00 ) should be recognized as one of the main factors determining its intracellular concentration, which, in turn, directly or indirectly determines the interaction with the target.
In conclusion, the structural change introduced into the ZFQs ciprofloxacin and norfloxacin to get the corresponding NSFQs yields compounds having only one ionizable group in the biological pH range of interest. Such compounds, like WIN 57273 (and nalidixic acid), exhibit a more favorable kinetics of access to the bacterial cell than do ZFQs (14) . This factor appears to be of primary importance in determining their high in vitro activity against gram-positive cocci since ZFQs and NSFQs inhibit DNA gyrase similarly.
